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FOREWORD

This paper evaluates employment of the main gun
of the M60 tank against moving ground targets. The re-

j suits are from a live-fire experiment conducted at Ft
Stewart, Georgia, during the period 25 Jun-0 Jul 63.

Of chief interest are the h't probabilities against
moving targets of armor-piercing discarding-sabot and
training-practice rounds for the 105-mm main gun and
the accuracy and consistency of observer sensing of fir-
ings of those ammunitirs. However, such other inter-
mediate results as miss distance and lay error are also
reported because they support the results concerning hit
probability.

Ricma.d E. Tiller
Chf, Field Experiments Division

I

SECRET
i I



I1
SECRET

ACKNOWLEDGMENTS

The authors gratefully acknowledge the enthusiastic co-
operation and support of the officers and inen of Ft Stewart,
Ga., and US Army Training Center, Armor, Ft Knox, Ky.,
previous to and during the experiment. In particular, the ef-
forts of Maj B. F. Favinger and Capt J. T. Quinn of S-3 rrain-
ing and 1st Lt Winkenhofer, 2d Lt R. B. Taylor, and Sgt J. R.
Rodriguez of S-3 ange Control are aelmowledged. Appreci-
ation and thanks are extended to Capt Edward Hart, Combat
Developments Agency, Ft Knox, Ky.,and Maj Harold E.Durst,
Hq, Combat Developments Command, Ft Belvoir, Va., for
services as project officer and liaison officer, respectively,
during the experimentztion at Ft Stewart.

The excellent service and support of P-e RAC Electro-
mechanical Laboratory for instrumentation Ld performance
of duties over and above their normal function were immeas-
urably beneficial and greatly conducive towird assurance of
satisfactory results. The efforts of Mr. Robert R. Redick and
Mr. Arthur C. Smith of the Laboratory are specifically noted.

The helpful advice and services of Dr. Wilbur V. Johnson
of RAC during experimentation and analysis is duly acknow-
ledged.

The reduction of Lata and analysis were aided by the
combined efforts of Mkss Georgia Fleming, Mr. Stephen R.
Wax, Mrs. Diane B. O'Keefe, Mrs. Jean L. Pickford, Mr. T.
Donald Dixon, and Mr. John J. Turley, all of RAC.

To aU these people the authors ext-d their sincere ap-
preciatiori.

iv

SECRET

L



SECRET

Foreword iff

Acknowledgments i

Summary I

Problem-Facts-J~scusso6-Ccwusios-Recommenda~ons

Abbrovioaons 6

Introduction

Bwkground-5eove

FieldExp~u...010
Procadurre-Doaa Coflection

Wet Probability 14

Jntroductiou-TP-T Ammuation-APlS-T Ammunition-
Theoretical Hit Problty

Observer Sensing 24
Background-Findings

Horizontal Miss Distance 26

Arithmetical Measurernazts-Absolute Measurements-Overlead

ime fpr Firing 30

First Round-Second Round

Appendxos
A. Mathematical Analysis of Lead and Hit Prob---tty .33I, B. Analysis of E~erimtata 45
C. Data-CoUection Metbods and Forms Used 59

SECRET



SECRET

itof era oces 65

Figuros
1. Fxperimnental Results, Five Gunners Leading Moving Targets 8
2. Experimental Plan 10
3. Noviag-Target Tank Firing Range qt Ft Stew~zt, Ga. 13
4. Cornparizotns of Standard Deviations of F!arizorita.I Miss fLYitances

for Firiags of 105 -mmx APDS-T and. 17--T Ammuntions 28

Tables
1. P s of Kai= G=n of the Mao} Tank against Moving Ground Targets 2
2'. Mogded Lead Doctrine 11
3. Main Efects; of Inividual Factors on PH L of U60 Tank Using

105-mm TP-T Armmition agaist Naviag Targets 16
4.Ua P'IL of 105-rmm TP-T Ammunition Lor Sigaificant First- 1

Orde", In leractions 1
5. Mean PI L of 105-mnm TP--T Ammntion for Significant Second-

Order Interactions 1
6- Main Effects of hdivfdual Factors on PHEof M64) Tank Using 1

105-nun APDB-T Ammanition against Moving Targets i
7. Siguiicaat Interactions of APDG- T P 14 F- 19

S.Maim Effects of Individual Factors oa Mean PH L of M60 Tank
Ursing 105-mm APDS-T Ammunition against Moving Targets 2

9. Mean PK L of 105-mm APiE-T Ammunition for Significant
First-Order Wneractiow 2

10. Mean. PH of 105-mm APDS-T Ammuniton for Significant
Second-order kiteractions 22

11. P~f for the 105-mm Main Gun of the 1(60 Tank against
Nowing Targets 23

12. Saimary of Observer Sensing of Firings of 106-mm Ammunition
from the 1(60 Tank aainst Moving Ground Targets; 25

13. Measures of Horizoetal Miss Ditstance, 105-mm Main Gan of the
M(60 Tank against Moving Targets 26

14. Measures 6f Absolute Horizontal Miss D~istncie, 105-mm Main
j Gn of the 1(60 Tank agaimst Moving Target 27

1.Percentages of Firings Terminating a2h end of Aiming Point,
1(60 Tank Main Gun against Moving 7argets 29I16- Mean, Time" for Firing First Rond, by Lead Doctrinie 31

17. Mean Times for Firin.g Second Rond 3

vi

SECRET



SECRET
IJ

To, determine the hit probabilities of the main gun of the M60 tak against
moving ground targets, Ps affected by (a). ammunition characteristics-paxtic-
ularly muzzle velocity, (b) lead doctrine, (c),target speed, (d) target range, and
(e direction of target movement-

To hit a moving target requires that the aimnng point be selected wit an
anticipation of target Location at time of projectUe impact. This requirement,
of aimin not where the target is but where the target will be, is called "Iead."
The longer the projectile flight time the gre2ter is the diiculty of predicting
target behavior and future position- Experience has shown that with ammuni-
tkas of muzzle veIocides between 2000 to 320G fps more first-round hits are
obtained if the average gunner applies the first-round lead of 5 mMs specified
by standard doctrine. Of course, well-trained unners with an understanding
of ballistics vary their applied lead as a result of target behavior.

Becauseof increased muzzle velocities modern ammunition developments
have significantly decreased projectile flight time to ths extent that lead doc-
trine developed for lower-velocity ammunition may rok longer be applicable.
Additionally, range requirements for these modern ammunitions have become
sro stringent that average tank gunners cannot be provided with the experience
necessary to enable them to adjust their lead requirements as the significant
characteristics of the ammunition vary.

The Yresent experiment was undertaken for two major purposes: (a) to
obtain measures ofhitprobability (Pf as a function of ammunition muzzle ve-
locity and (bJ to evaluate the efficacy of modernizing lead dectrine in conso-
nance with the significant changes in muzzle velocity.

An experiment designea to explore the problem was conducted at Ft Stew.
art, Ga., 25 Jui-6 Jul 63. To determine the ability of a persori on the ground
or in an adjacent lank to sense main-gun rounds independently by optical aids
was a second objective of the experiment.

RAC-T-459 I
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Two types of 105-mm ammunition were tested: (a) training practice,
tracer (TP-T) with ballistic characteristics similar to high-explosive plastic
(HEP) with muzzle velocity of 2400 fps; and (b) armor-piercing discarding-
sabot tracer (APDS-T) with muzzle velocity of about 4800 fps.

Two alternative lead doctrines were considered during experimentation:
(a) standard doctrine, i.e.. 5-mil first-round lead; and (b) modified doctrine,
i.e., instructions on leading moving targets and specific leads required, by tar-
get speeds and ranges.

This paper presents hit probabilities of the M60 tank main gun (105 mm)
against moving targets. In addition, measures of reliability and consistency of
observer sensing as a possible means of fire adjustment are given. The ex-
perimental data provide the factual basis of the report.

Effective fire on a target depends largely on three factors: time for fir-
ing, accuracy of fire, and lethality of fire. The results of this paper are ad-
dressed to the first two factors-time for firing and accuracy of fire--with
major emphasis on the latter. The lethality of fire is not considered here.

The 105-mm APDS-T round (muzzle velocity, 4800 fps) of the main tank
gun has a high overall PHE (0.39) against moving ground targets under the ex-
perimental conditions investigated. The observed hit probabilities of the M60
tank main gun using APDS-T ammunition against moving ground targets are
shown in Table 1. Too few target hits were obtained to permit the deveiop-
z. .ent of a comparable tabular presentation for 105-mm TP-T ammunition un-
der similar conditions.

TABLE 1

PHES of Main Gun of the M60 Tank against Mov.ng Ground Targets

Factor Rounds Target
investigated fired hits PHE

APDS-T Ammunition

Lead doctrine
Standard 46 14 0.30
Modified 47 22 0.47

Target speed
5 mph 32 17 0.53
10 and 15 mph 61 19 0.31

Target range
Near (730 m) 47 22 0.47
Far (1650 m) 46 14 0.30

Direction of target movement
Left to right 47 24 0.51
Right to left 46 12 0.26

Overall 93 36 0.39

TP-T Ammunitiona

Overall 95 2 0.02

aSimulating IIEP with muzzle -.tlocity of 2400 fps.

2E RAC-T-459
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The use of a nodified lead doctrine specifying lead requirements accord-
ing to ammunition characteristics and estimated target speed and range has a
significant effect on obtained hit probabilities. With APDS ammunition, the
modified doctrir.e used in this experiment resulted in app'-oximately 50 percent
increased hit probabilities over those obtained when the standard lead doctrine
was used.

Such other factors as target speed, target range, and direction of target
movement have significant effects on hit probabilities.

Although ammunitions with muzzle velocities in excess of 3200 fps are
extremel" difficult or impossible to sense from the firing tank, sensings are
significantly increased by observation from the ground or adjacent vehicles.

Conclusions

1. Ammunition muzzle velocities have a significant effect on hit proba-
bility against moving targets.

2. Significant changes in ballistic characteristics (especially muzzle ve-
locities) require concomitant changes in fire doctrine to capitalize on potential
increases in effectiveness.

3. Consideration of the factors of target speed, target range, and direc-
tion of target movement in the development of a modified lead doctrine will
result in significantly higher hit probabilities against moving targets.

g4. The use of a "buddy system" of fire adjustment in the development of
fire doctrines can be expected to significantly increase subsequent-round hit
probability.

Recommendzions

1. Given adequate terminal effectiveness, the ammunition with the high-
est muzzle velocity should be utilized against moving targets.

2. Modification of lead doctrine based on significant changes in ammuni-
tion characteristics should be constantly considered and adjusted to fully uti-
lize the technical improvements of ammunition.

3. The development of a fire doctrine based on sensing of high--elocity
ammunition from the ground or adjacent vehicles should be considered to in-
crease subsequent-round hit probabilities.

RAC-T-459 3
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ABBREVIATIONS

APDS-T armor-piercing discarding-sabom, tracer
BC Battery Commander
HEAT high-explosive antitank
HEP high-explosive plastic
PH experimental hit probability
PH L lead-lay-error hit probability
PUT theoretical hit probability
TP-T training practica, tracer

6 RAC-T-459
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INTRODUCTION

Just as increased mobility is the present concept within all arms of the
US Army, it is expected that the potential enemy realizes that arms lose effec-
tiveness when employed against moving, as opposed to stationary, targets and
has emphasized movement to a large degree. Thus in a modern war, an in-
creasingly larger percentage of presented targets will be moving. The task of
hitting a moving target imposes more stringent requirements on both the gunner
and the ammunition required. Recent developments in ammunition have re-
sulted in significant increases in muzzle velocities, which potentially ease the
gunner's task and increase hit probabilities, especially against inoving targets.

This paper presents the results of an investigation of some of the m- jor
factors-primarily, increased muzzle velocities and changes in lead doctrine-
affecting nit probabilities against moving ground iargets.

BACKGROUND

RAC initially investigated the lead proWiem in tank gunnery in July 1962
in Grafenw6hr, Germany, in conjunction with an evaluation of a gun-camera
system.'

In the field test five tank gunners, operating independently, were required
to simulate fire with an HEP round on crossing tanks moving at speeds between
10 and 30 mph at a range of 950 m. Since 1ire was simulated,' no information
was available from burst on target or tracer to adjust the subseqient-round
lead.

The camera data collected from ext.rimentation with the 105-mm HEP
round showed that four of the five tank gunners tested did actually leae5 moving
targets relative to the apparent speed of tie target although doctrine2 prescribed
a single lead (5 mils) on all moving targets. Figure 1 shows the results of this
study.

It seemed to follow quite logicaday that the next step was to determine ex-
perimentally the hit probability of tte M60 tank against controlled moving
targets with live fire, utilizing both high- and low-velocity ammunition and
operating both modified and standard lead ,octrines.

Therefore in June-July 1963 a RAC team conducted the investigation of
lead described in this paper, based on a field experiment with the M60 tank
firing live ammunition against moving targets. The experiment was designed
to evaluate the effects of ammunition type, lead doctrine, and such important

RAC-T-459
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Fig. I-Experimenta! Results, Five Gunners Leading Mov'ing Targets
Range, 950 m; simulated HEP ammunition.

target-behavior characteristics as speed, range, and direction of movement
on hit probabilities.

Another factor that warranted investigation was sensing as a means of
fire adjustment. Sensing is accomplished by visually tracking the tracer ele-
ment of the round in relation to the target and/or observing the impact or burst.
The effectiveness of sensing as a means of fire adjustment has beer. unsatis-
factory with ammunition having muzzle velocities exceeding S200 fps.

The section "Observer Sensing" is presented as a basic investigation of
the reliability and consistency of observer sensing as a means of fire adjust-
ment and evaluates the ability of an observer adjacent to the firing tank to sense
accurately the rounds fired.

SCOPE

The results of this investigation provide not only experimentally derived
hit probabilities for low-velocity rounds (HEP, 2400 fps) and high-velocity
rounds (APDS, 4800 fps) but also, more importantly, information bearing on
the effects of the interactions among muzzle velocities, lead doctrines, and
target behavior on expected hit probabilities. These data emphasizeo the im-
portance of reevaluating doctrine in the light of significant changes in relevant
weapons -performance characteristics.

The experimental factors tested in determining the hit probabilities
against moving targets of the M60 tank's 105-mm main gun can be outlined as
follows.

(a) Ammunition type: TP-T (simulated HEP), muzzle velocity 2400 fps;
APDS-T, muzzle velocity 4800 fps.,

8 RAC-T-459
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(b) Lead doctrine: stand-rd2 ; modified (see "Field Experimert")
(c) Target speed: 5 mph, 10 mph, and 15 mph.
(d) Target range (crossing): Near, 730 in; far, 1650 n.
(e) Direction of target movement: Left to right (L-'R), right to left (LO"R).
Since the investigation was limited to consideration of the M60 tank 105-

mm gun against fixed-course crossing panel targets, the results are not in-
tended to be representative of the tactical or combat environment but are
intended to provide basic data pertaining to the problems associated with lead
doctrine for moving'targets in tank gunnery.

I RAC-T-459 SECRET 9
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FIELD EXPERIMENT

DESIGN

A factorial experiment was conducted in order to examine the important
interrelations of the independent variables tested. The factors of target range
and target speed were randomized to counterbalance learning effects. The plan
of the experiment is given in Fig. 2.

AmmunTtion

APDS-T A TP-T

Lead Speed, Range, m

doctrine mph 130 (near) 1650 (for) i 730 (-ear) 1 1650 (far)

Direction of movement

L-R L-R L-R L -R

Standard 5 ....
10----
15 .. . .

Modified 5 ....
10 ....
15 .. . .

Fig. 2-Experimental Plan

PROCEDURE

The subjects consisted of eigt tank gunners qualified on the M60 tank.
For the purpose of the experiment the subjects were divided into two equal
groups. One group was instructed to employ the standa:'d lead doctrine (one
lead, 5 mils, for first-round firing); the other group was instructed to use a
modified lead doctrine consisting of instruction on selection of a lead based on
ammunition type and target behavior (target speed, range, and direction of
movement). The information presented in Table 2 was supplied on a card to
the gunners using the modified doctrine, for ready reference tlhroughout the
modified-doctrine firings. To avoid an interplay of knowledge between the two

10 RAC-T-459
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groups of gunners the standard-doctrine firings vere conducted before the
modified-doctrine firings. The required leads for hits of TP-T firings rela-
tive to changes in range and direction of movement were sufficient to cause
the indicated differences in the modified doctrine for TP-T ammunition. How-
ever, the required leads for APDS-T ammunition of the modified doctrine did
not vary sufficiently (one-half lead) relative to changes in target range and
direction of movement.

TABLE 2

Modified Lead Doctrine

(To neowest Y lead - 22 mils)

105-mm ammunition

TP-T

Target Target range, m

speed,
mph 730 1650 APDS-T

Target direction

L-R L--R L-R L.--Rj

.5 1 1 2 1 ; 1 0
10 1" I' Ili 2 12

Is 2 2 2 21i 1

Two tanks were employed on the firing line. One tank consistently fired
105-mm APt'S-T ammunition and the other fired 105-mm TP-T. On each
traverse of the figure-3 track, the tank firing APDS-T engaged the target at
one range and the tank firing TP-T engaged the target at the other range.

In order to avoid target destruction, which would have resulted from live
fire of the HEP round, ballistically matched TP-T ammunition simulated the
HEP ammunition of muzzle velocity 2400 fps. The high-velocity ammunition
in the field research was APDS-T, muzzle velccity 4800 fps.

The target speeds of 5, 10, and 15 mph were representative of the rates
of movement expected in many tactical situations involving moving ground
targets.

The tank crew utilized the standard tank fire command. At the time of
the gunner's command of "on the way" the tank-mounted camera was started,
recording the lead-lay of the gun, and continued recording for a few seconds.
Each tank fired a maximum of two rounds during each firing engagement. After
each traverse of the track the target was stopped and miss distances of target
hits were recorded and marked; then the target speed was reset and the next
scheduled trial was conducted'. The order of experimental trials is shown in
App C.

The order of trials was established in an effort to save time, minimize
wear and tear on the track and target-towing equipment, and obtain realistic
information.

RAC-T-459 11
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Throughout the experimentation the gunners were not specifically informed
as to the direction of movement of the target, target speed, or target range.

Instrumentation

The instrumentaLion employed in the experiment included tank-mounted
cameras and time-event recorders. A 16-mm motion-picture camera (AN-N6
modified) and its accessory equipment were attached to the searchlight mount-
ings of the M60 turret and boresighted, with routine checks to assure proper
alignment. The camera was started manually and operated from the 24-v
electrical system in the tank. An approximate 4-sec continuation of camera
operation following the firing time was built into the camera to record the move-
ment of the target during flight of the projectile.

Time events were recorded on an Esterline-Angus pen recorder. An im-
pulse from each firig iank provided a pen record of the tank's time of fire.
In addition, manually operated switches were used to record the specific times
the target entered and moved out of the firing zone.

Battery Commander (BC) scopes were positioned on 4-ft towers to the
rear of the 1Aring tank for observers to sense firings. The range!inder (Ml7c)
of an adjacent nonfiring M60 tank served as another independent means of
observer sensing.

A manually controlled motor ca' with calibrated throttle settings for
approximate target speeds towed the target carriage car at scheduled speeds.

The moving target, fabricated from a 6- by 6-ft plywood panel with a
centered black 2- by 2-ft cross, was mounted on a 6- by 4-ft flatcar. The
use of a 30- by 15-ft shot-catcher directly behind the target to record misses
during experimentation proved infeasible because of inadequacies in the con-
dition of the track.

Range Layout

Existing tank range facilities for firing 105-mm APDS-T ammunition are
limited. Fort Stewart is one of the few Army posts that possess a range fan
of sufficient size for live firing of APDS-T ammunition. The moving-target
range at Ft Stewart is a figure-8 track. The layout of the Table V moving-
target tank range at Ft Stewart, Ga., utilized for experimentation is shown in
Fig. 3. Two crossing ranges at 730 and 1650 m were used for the experimental
firings. At either range the target was engaged over a path of 290 yd with each
exit and entrance clearly indicated by markers. The two firing tfnl were

posiLioned approximately 50 ft apart on the firing line. At the command post,
located aboat 50 yd from the firing line, were mechanical time recorders and
direct communication with the target pit and firing line.

DATA COLLECTION

Four general classes of information composed the experimental output
from the test: target data, sensing data, photographic data, and time data.

Target data supplied actual target hit-miss information and miss distance
from center of mass of target hits.

!U
i2 rAC-T-459
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Sensing data supplied visually aided tracking observations throughout the
experimentation by (a) a military observer using a BC scope and (b) the tank
commander of the adjacent M60 tank using the tank's rangefinder tMl7c) for

£ both APDS-T and TP-T firings.

Far-range 6- by 6-ft
firing marker 0 zeoing target

Near-range
firing marker Pit//, . area

Fiigtanks P#~.e Rood to pi e

50ft

Fig. 3-Moving-Target Tank Firing Range
at Ft Stewart, Ga.

Photographic data were collected in the form of 16-mm motion-picture
film from the tank-mounted cameras. The angular lead-lay of the gun at the
time of firing was thus obtained.

Time data were collected, in the form of Esterline-Angus pen records.
Times for firing the first and the second rounds of ammunition were obtained
from the pen records. The approximate speed of the target was verified by
the time required for the target to traverse the marked section of the track.

1
I
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HIT PROBABILITY

INTRODUCTION

The probability of a main-gun round of the M60 tank striking a moving
target was determined by three methods:

(a) Experimental hit probability (P 1 E) is the ratio of the number of hits
on a 6- by 6-ft target to the number of rounds fired. The PIHE discussed here
does not reflect the "near-hits" that resulted from the live firings. A target
"hit" was assigned a value of 1 and a target "miss" as 0; only these were
considered.

(b) Lead-lay-error hit probability (P11L) is based primarily on the hori-
zontal miss distances determined from film-data analysis and calculated from
the mathematical analysis (described in App A) that is itself derived from
standard errors of such factors as range, drift, droop, and jump for ammuni-
tion types. The numerical values of PIfL are substantially different from the
observed PIHE values in some cases. However, because an individual near-hit
is assigned a PH1L that differs only slightly from actual hits on the edge of the
target, the measure of P11L is valid and worth while as a consideration. The
errors of film data (such as parallax) and those in film readout (rounded to the
nearest 1/2 mil) are responsible in part for the inconsistency between P11[ and

P1IL- Nevertheless, certain trends, exhibited in the following pages, tend to
add to the validity of the general P11L results-particularly in the TP-T firings,
where, because of inherent ballistic dispersion, observed target hits are
sporadic.

(c) Theoretical hit probability (PiT) is based on theoretical firings ac-
cording to the specific lead doctrine for each type (TP-T and APDS-T) ammuni-
tion. The Pi- is examined in a following section "Thp oti,1 P.t a D,-lin,'J, -

The detailed results in this chapter testify to the significant increases in
hit probability caused by increased ammunition muzzle velo-ity and the modified
lead doctrine. Thus, given adequate terminal effectiveness, the round having
the highest muzzle velocity should be used against moviig ground targets to

increase hit probability.
The 105-mam APDS-T round (muzzle velocity, 4800 fp) has a high overall

PHE (0.39) against moving ground targets under t. experimental conditions

investigated. The observed hits for the two ammunition types are shown in
Table 1; the APDS-T firings are subdivided further, according to the indepen-
dent zariables considered.

When using APDS-T ammunition the modified lead doctrine specifying
]J
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lead requirements according to ammunition characteristics and estimated tar-
get speed and range resulted in approximately 50 percent increased hit proba-
bilities over those obtained when using the standard lead doctrine.

The significant changes in ballistic characteristics (especially muzzle
velocity, for example, between HEP and APDS) require changes in fire doctrine
to capitalize on potential increases in effectiveness. To fully utilize the technical
improvements of amn, ,tion, modification of lead doctrine based on significant
changes in ammunition .naracteristics should be constantly considered and
adjusted.

TP-T AMMUNITION

A total of 2 out of 95 TP-T rounds fired hit the 6- by 6-ft target. Both
these hits were second-round firings under the modified lead doctrine at the
near target range. Because of the scarcity of TP-T target hits, detailed analy-
sis of PHE for TP-T is insignificant and is nc.t included.

The obvious result concerning the hit probability of the M60 tank main
gun employing TP-T ammunition against moving ground targets is that the hit
probability 105-mm TP-T ammunition was found to be quite low against moving
targets.

PIlL

Main Effects. The results of an analysis of variance of the TP-T data
showed three of the main effects of the factors investigated to be significant
at levels of 0.05 or less. The factor of target range was found to have a signif-
icant effect at the 0.01 level of significance, whereas lead doctrine and target
speed were significant sources of variation at the 0.05 and 0.025 levels, re-
spectively. Table 3 shows the main effects of target range, lead doctrine: and
target speed as the mean value of PHL for Ghe various levels of the respec.ive
factors. The percent increase or decrease is also listed as an estimate of
the main effect of the factor relative to the specific change in levels.

The increase of target range from 730 to 1650 m significantly decreases
the accuracy of the main gun against moving ground targets. The difference
of the means in Table 3 is 0.24 for P1IL.

The ,s ee! the modified doctrine significantly increases the P11L of the
main gun by 0.10. A 50 percent decrease in PHIL for TP-T ammunition re-
sulted from a 5-m:, n increase in target speed from 5 to 10 mph. Only a slight
decrease of 0.02 in .he mean PHiL resulted as targei :peed was increased from
10 to 15 mph.

Interactions. Three first-order interactions (doctrine-direction, range-
speed, and speed-direction) were found to be significant at the 0.05 level or
smaller. The means of these significant interactions are given in Table 4.

The decr,.ase of mean PilL from near-range firing to far-range firing by
a factor greater than 5 resulted for all target speeds investigated. At the near

RAC-T-459 15
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TABLE 3

Main Effects of Individual Factors on PHL of M60 Tank
Using 105-mm TP-T Ammuni'ion

Against Moving Target!

Mean Percent Level of
Factor PHL increase (+) or decrease (-) significance

Target range, m
Near, 730 0.27 80
Far, 1650 0.03" -8 0.01

Lead doctrine
Standard 0.11 )9 -0

lodified 0.21 0
Target speed, mph

5 0 .2 4 1 5 02
10 0.12 _17a f0.025
15 0.10)

'No: ;gnificajt.

I

T,'BLE 4

Mean PHL of 105-mm TP-T Ammunition for Significant
First-Order Interactions

a. Target Speed-Target Range

Range Level of
Spefd, mph siLvo

NIr significance

5 0.43 0.0350 0.22 0.04 0.05
15 0.15 0.02 )

b. Target Speed-Target Direction

D Direction Leel of
Speed, mph L eignfianc

L--R L-R sgiiac

5 0.21 0.28 "0
10 0.16 0.02 0.05
15 0.02 0.16

c. Doctrine-Target Direction

Lead Direction Level of
doctrine L_*_R L...R significance

Stand :d C.14 0.08 0.02:
%lodi:d 0.14 J.30

16 RAC- '- 459
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target range the decrease of mean PIHL as target speed increased is significant,
whereas at the far target range the PiL is quite low for all target speeds in-
vestigated.

As target speed increased a steady decrease in mean PIlL resulted for
targets moving from right to left, whereas for targets moving from left to right
a breakpoint seemed to be between the 5- and the 10-mph target speed.

The increase in mean PIlL resulting from the modified lead doctrine on
firings at targets moving from left to right was greater than a factor of 3,
from 0.0 under the standard lead doctrine to 0.30 for firings conducted under
the modified lead doctrine.

Two second-order (three-factor) interactions were found to be signifi-
cant. The interactions of doctrine, round, and range and doctrine, speed, and
range were significant at the 0.01 level and at the 0.05 level respectively. The
mean values of PHiL are listed in Table 5 for the significant second-order
interactions.

TABLE 5

Mean PH" of 105-mm TP-T Ammunition for
Significant Second-Order Interactions

a. Doctrine-Round-Range

Lead RTarget range

doctrine Near Fr

Standard 1 0.19 0.02
2 0.19 0.02

Modified 1 0.36 0.01
2 0.18 0.05

b. Doctrine-Speed-Range

Lead Target V Target range

doctrine speed, mph Near For

Standard 5 0.35 0.03
10 0.21 0.03
15 0.02 0.00

Modified 5 0.54 0.04
!0 0.24 0.05
15 0.34 0.0t

No increase in the average PUL for second-round TP-T firings was ex-
hibited under the standard lead doctrine at either the near or far target range.
But under the modified lead doczrine a significant increase Gf 0.12 in mean
PIlL was found for second-round firing at the near range. The ability of the
gunner to adjust gun lay to compensate for initial gun-lay errors Isma"ler in
the modified doctrine) determines whether an improved second round is fired.

RAC-T-459 17
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Since the modified lead doctrine reduces the error of initial gun lay, improved
second rounds will necessarily result.

The general decrease of Pil, as target speed increases to 5-10 mph is
evident at the near target range in Table 5. The substantial increase of PHfL
for firings under the modified doctrine is significant at the near target range,
as compared with standard-doctrine results.

APDS-T AMUNITION

PH. E

Main Effects. All main effects of the variables considered in the experi-
mentation were found to be significantly different at the 0.10 level of significance
or less in an analysis of variance of the APDS-T firing data. Table 6 gives the
respective mean values for the main effects and also lists the percentage in-
crease, or decrease, as an estimate of the main effect relative to the specific
change in levels of the factor.

The changes in PIE caused by the main effects are obviously explainable,
with one exception. The employment of a lead doctrine that specifies lead
according to ammunition muzzle velocity and target behavior characteristics
will result in an increased hit probability. In the investigation described here,
the modified lead doctrine resulted in over 50 percent increase in PIlE. As

TABLE 6

Main Effects of Individual Factors on PHE of M60 Tank
Using 105-mm APDS-T Ammunition against

Moving Targets

Percent Level of
Factor PHE increase (+) or decrease(-) significance

Lead doctrine
Standard 0.30 *57 UP
Modified 0.47

Target range, m
Near, 730 0.47 0
Far. 1650 0.30 -36 0.10

Target speed, mph
S 0.53 -,51
10 0.26 +35a. 0.05
15 0.3f

Round
1 0.296
2 0.47 62 0.05

Direction of target
movement
R- L 0.26 0.01
L -o 11 0.51

aNot significant.
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target range increased, Pile decreased. The increase of target range from
730 to 1650 m accoumted for a 36 percent decrease in PI!E. The increased
target speed from 5 to 10 mph accounted for a 51 percent decrease in P~ll;
however, the PIlE values for target speeds of 10 and 15 mph were not signifi-
cantly different, indicating that such a target speed increase will not seriously
affect actual target hits. Although the sensing of APDS-T ammunition is ex-
tremely difficult, an increase of 62 percent in Pile resulted from second-round
firings (i.e., 14 first-round target hits compared to 22 second-round hits).
The direction of target movement caused the change in PlIE, which is not
obvious. When the direction of target movement was reversed from right-to-
left to left-to-right, twice as many target hits (24 compared to 12) resulted,
i.e., an increase of 0.25 in PIHE"

A hypothesis that may account for this unexpected difference is the in-
herent factor of drift in the round. The direction of target movement caused
a 0,35 change in Pi1 E at the far target range (i.e., an increase from 3 target
hits to 11 target hits for right-to-left direction compared with left-to-right,

where the drift of the round is 0.2 m). Thus at the far target range the factor
of drift increased t&9 lead required for hits on targets moving from right to
left and reduced the lead required for hits on targets moving from left to right.
The data on the interactions of PHlE also support the hypothesis.

Interactions. In addition to the significant differences in the main effects,
certain interactions of the various factors showed significant differences in
the APDS-T firing data. Table 7 lists the interactions that were found to be
significant and the respective levels of significance.

TABLE 7

Significant Interactions of APDS-T PHE

Level of
Significant interaction significance

Target range-target speed 0.10
Target range-target speed-target direction 0.10
Round No.-doctrine-target speed 0.10
Doctrine-target range-speed-direction 0.10

The significant differences in PHiE of the target-range-target-speed inter-
action at the 0.10 level were found in the decrease of PHiE as target speed
approaches 10 mph and target range increases.

The effect of the interaction of direction of movement and range at the
5-mph target speed was significant at the 0.10 level. Specific significant
differences of combined round, lead 6..ctrine, and target speed at the 0.10 level
were also in the data at the low level of speed an.i at all levels of target speed
and doctrine for second-round firings. The increase of PHE for second-round
firings under the modified doctrine adds to the belief that a reduced magnitude
of the first-round miss under the modified lead doctrine results in a greater
second-round hit probability, since less adjustment of first-round lay is neces-
sary than under the standard lead doctrine.

RAC-T-459 19

SECRET



SECRET

The overall decrease in PIHE as target range increases is less for higher-
speed targets than low-speed targets, but the factor of target direction has the
effect of increasing PiE when target movement from righN to left is eontra. t.d
with the le~t-to-right movement. Not surprisingly, PE increases (a) in sub-
sequent-round firings, (b) under modified lea'd doctrine, and (c) at lower target
speed.

For te modified-doctrine firings subsequent.-round firings demonsTraicd
a significant increase in PHE for higher target speeds..

The significant third-order interaction of doctrine-range- speed-direc-
tion exhibited the following general effects: modified lead doctrine and left-to-
right target movement resulted in increased P1li and 4;.creases in target speed
and range resulted in decreased PIRE.

The greatest increase in PilE of the four-factor interaction was fouzD to
be at the far target range when the direction of movement was from left to right.

PlL

Main Effects. The analysis of variance of the APDS-T PiL data showed
four main effects to be highly significant causes of variation at the 0.10 signifi-
cance level or lower. The significant main effects of target range, direction

TABLE 8
Main Effects of Individual Factors on Mean PHL of M60 Tank

Usirg 105-mm APDS-T Ammunition against
Moving Targets

Mean Percent Level of

Factor PHL increase (+) or decrease (-) significance

Lead doctrine
Standard 0.24
M|odified 0.32+33 0.05

Target range, m
Near, 730 0,44 -75 0.00015
Far, 1650 0.11

Target speed, mph
5 0.31} !a
10 0.30 -. i0
15 0.22

Direction of target
movement

L--R0.20 oooL 10.0+75 0.0005
L- 0.35

aNot significant.

of target movement, lead doctrine, and target speed are given in Table 8 as
-the respective mean values of PIL- The percentage increase or decrease is
listed for each factor for an estimate of the main effect relative to the specific
change in levels of the factor. The level of significance resulting from the
analysis of variance of the APDS-T data is included in Table 8 for each signifi-
cant factorR
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Interactions. Three first-order (two-factor) interactions of speed and
range, speed and direction, and range and direction were found to have highly
significant effects on PUlL- Mean PHL fo-' these interactions are given in Table
9 with the level of significance indicated.

TABLE 9

Mean PHL of 105.mm APDS-T Ammunition for Significant
First-Order Interactions

a. Target Speed-Target Range

Speed, mph Range Level of
Near mor significanceNear For

5 0.57 0.04 )
10 0.46 0.14 0.0005
15 0.28 0.15

b. Target Speed-Target Direction
Direction

Speed, Drph' n Level of

L*-R L'-1R significance

5 0.32 0.1
10 0.18 0.42 001
15 0.10 0.34

c. Target Range-Target Direction

Direction LRange Level of
L""R J L---R sgnificnnce

Near 0.32 0.55 0Far 0.08 0.12

The increase of target range significantly decreased the mean PHiL at
both the 5- and the 10-mph target speeds. A significant decreas; in average
PHlL resulted from the increase of target speed from 5 to 10 mph at both target
ranges investigated. The overall effect of interaction of speed and range was

expected.
The significant increase of PiHL at 10 and 15 mph and also at &I-e two tar-

get rangcs when the target movement was reversed from right-to-left to
left-to-right was unexpected. The difficulty of reversing the moving target's
direction probably restricts such procedure during tank gunnery practice,
thereby causing the inherent parallax error to bias resulting hit probability.

The second-order (three-factor) interactiore of range-speed-direction,
range-speed-doctrine, and range-directim,-doct.-ine were found to be signifi-
cant causes of variation. The mean values of PUL for these interactions are
listed in Table 10 with the level of significance of each interaction.
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TABLE 10

Mean PHL of 105-mm APDS-T Ammunition for
Significant Second-Order Intesactions

a. Range-Speed-Direction

Dieto f Target ! Target range Level of
o mntarg et sp e e d , m p h sig ifi anc

moeetNear I sinoicnc

L--11 5 0.58 0.04
10 0.58 0.26
15 0.51 0.05 o~~ o~t 1 0.005Ir4- 5 0..% 0.01

10 0.31 0.02
15 0.02 0.18

b. Range-Speed-Doctrine

Lead Target Target range Level of
doctrine tpeed, mph Near Far significance

Standard 5 0.51 0.00
10 0.41 0.14
15 0.29 0 00

Modified 5 0.60 0.08
10 0.51 0.15
15 0.28 0.28

c. Range-Direction-Doctrine

Lead Direction of Target range L'qvel of
doctrine tar3et significancc

rlc,ement Near For

Standard 1, -R 0.51 0.10
I.- R 0.30 0.00

Modified L -R 0.60 0.17

L-R 0.34 0.16

Of course, the effect of increasing target range from 730 (near) to 1650 m
(far) significantly decreases PIlL- However, the unexpected decrease in PILL, at
the near range and at all speeds, due to reversing the direction of target move-
ment deserves special attention (see Table 10a). The effect of target direction
must also be pointed out in the results shown in Table 10c. The significant
increase in mean PIlL caused by the modified lead doctrine, particularly at the
far target range, is again demonstrated in Table 10b.

In general the obvious results may be summarized as follows:
Table 10 shows several inconsistencies of PlfL at the far range. However,

at the near target range, the means point out the decreases in PIHL as target
speed increases to 10 and 15 mph and the general decrease (with some ex-
ceptions) of PIlL caused by increased target range, as is well known and ex-
pected. The use of a modified lead doctrine has the effect of a significant
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increase at the far range in average P11L as contrasted with the far-range
averages with the standard lead doctrine. Left-to-right target movement gives
higher rmean values of PiL than right-to-left target movement, with the effect
of increased target range generally causing a decrease in PIIL"

THEORETICAL HIT PROBABILITY

Theoretical hit probability (PITT) is based on theoretical firing of the
round according to the given lead doctrine (eithex ;tandard or modified) and
on subsequent computations of the hit probability on a 6- by 6-ft target; the
latter is a function of such factors as drift, droop, and jump for ammunition
types.3 ,4 Since necessary adjustments of initial gun lay for second-round firing
are prescribed doctrine, results of subsequent-round firings are precluded.

The values of PUT for the 105-mm TP-T and APDS-T rounds were com-
puted from (a) specific leads supplied under the modified lead doctrine itnd
(b) the single 5-mil lead of the standard lead doctrine for various M60 tank
moving-target engagements at the investigated variations of target range,
speed, and direction of movement.

TABLE 11

Pr . for the 105-mm Main Gun of the M60 Tank
against Moving Targets

Direction of target movement and range

Lead Target L-R L - R
doctrine speed, mph

°Near IFr Near For

TP-T Ammunition

Standard 5 0.38 0.05 0.45 0.07
10 0.18 0.06 0.13 0.03
15 0.00 0.01 0.00 0.00

Modified 5 0.48 0.06 0.40 0.03
10 0,61 0.06 0.62 0.06
15 0.50 0.07 0.44 0.04

APDS-T Ammunition
Standard 5 0.01 0.00 0.00 0.00

.10 0.39 0.01 0.08 0.04
15 0.79 0.30 0.66 0.35

Modified 5 0.14 0.07 0.51 0.03
10 0.52 0.30 0.79 0.20
i5 0.79 0.30 0.66 0.35

An average increase of 0.17 in PttT due to the use of the modified rather
titan the standard lead doctrine is exhibited in Table 11. The mathematial
analysis of theoretical hit probability is included in App A. The computed
values of PIIT are given in Table 11 for both TP-T and APDS-T ammunition.
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OBSERVER SENSING

A great deal of emphasis has been placed on sensing as a means of fire
adjustment. With kinetic-energy rounds this is done largely by means of sens-
ing the tracer in relation to the target; with chemical-energy rounds, by
sensing the burst in relation to the target. How effective sensing is as a means
of fire adjustment has been open to question. Sensing may, however, inform
the firer of the correct direction of change if he is unable to determine the
degree of change necessary.

BACKGROUND

Th. introduction of rcunds with muzzle velocities exceeding 3200 fps
mvikes sensing of roumds by the firer a most difficult, if not impossible, task.'
It therefore becomes most important that fire doctrines be developed for these
rounds along lines not requiring either the gunner or the commander of the
firing tank to make adjustments on the basis of his own sensing. To meet this
problem, a method of fire adjustment based on the "buddy system" was in-
vestigated; in this system, Tanks A and B would operate as a fire team, with
Tank Commanaer A sensing the rounds of Tank B and adjusting B's fire while
Tank Commander B senses A's rounds and adjusts A's fire. Whether such a
method could be more expedient as a rapid means of destroying enemy tank
targets than some other non-sensing fire-adjustment technique is yet to be
determined. To determine the potential effectiveness of this method of fire
adjustment, data on the reliability and accuracy of sensing by use of both a
BC scope and an adjacent tank's rangefinder were obtained throughout the lead
experiment.

FININGS

Table 12 gives the overall summary of observer sensing for firings of
both APDS-T and TP-T ammunition. Correct sensing of rounds by observers
is defined as (a) an actual target hit sensed by the observer as a hit, and
(b) an actual target miss sensed as a miss. The latter is determined by cor-
rectly sensing an actual underlead or overlead of the moving target.

The results were found to be statistically significant at the 0.02 level of
significance that the data of observer sensing of APDS-T ammunition were
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TABLE 12

Summary of Obse;vor Sensing of Firings of 105-mm
Ammunition from the M60 Tank against

Moving Ground Targes

Correct sensing

Observer's Tcrget hits Target misses
visual

aid PI cn
Number Number Perent Number Number Percent

ssensed ensed sensed sensed

APDS-T Ammunition

Rangefinder 20 15 75 17 12 71

BC scope 36 16 44 44 30 68

TP-T Ammunhi ion

Rangetinder 2 2 100 23 10 44
BC scope 2 2 100 70 38 54

not due to chance. The resulting conclusion is that observer sensing of high-
velocity ammunition utilizing visual aids is advantageous in significantly in-
creasing subsequent-round hit probability.

No significant difference in subsequent-round hits could be expected from
the observer sensings of TP-T firings with and without visual aids.

The development of a fire doczrine based on the "buddy system" for
sensing hieh-vPlot'itv ammunition shuuid be considered in order to increase
subsequent-round hit probability.

i
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HORIZONTAL MIcS DISTANCE

The photographic data in coi,'inction with the time data obtained from the
experiment formed the basis for d~terriit'ation of horizontal miss distance.
Th 'ietailed methodology of the computations Is contained in App A.

Arithmeta Mveasurements

The overall means and standard deviations of the horizontal misa distances
are given in Table 13 for both APDS-T and TP-T ammunition.

TABL 13
Measures of Horizontal Miss Da.,tance, 105-mm Main Gun

of the M60 Tank against Moving Targets
(+ = ahead of target, - oehind target)

Ammunition

Factor APDS-T

Mean miss 5Standard Merniss StandardSdistance, m leviation distancem deviation

Lead doctrine
Standard -0.20 4.33 -2,10 8.16
Modified -1.42 2.47 -1.55 4.31

Round
1 -).t7 3.62 -2.81 6.14
2 -0.-9 3.50 ---0.C 7.37

Target speed, mph
5 -0.31 3.53 +0.64 7.24
10 +0.62 3.90 -3.09 4.55
15 -1.12 3.17 -3.37 7.62

Target range
Near -0.16 1.58 -2.18 3.07
Far -0.47 4.92 -1.53 9.15

Dirertion of target movement
L--R +0.41 3.37 -1.42 8.20
L-- P -1.02 3.63 -2.24 5.26

For APDS-T, only the means of direction of target movement indicate any
statistically significant difference (0.10 level). But the outstanding differences
appear in two cases in the standard deviations, not in the means. The modified
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doctrine resulted in a 40 percent reduction of the standard deviation, as com-
pared with the standard-doctrine firings. Also, as is expected, the increase of
range from 730 (near) to 1650 m (far) has the effect of increasing the standard
deviation around the mean horizontal miss distance by a factor of three.

In the case of firings employing TP-T ammunition, statistically significant
differences in the mean horizontal miss distances were not outstanding in the
data. As expected, the mean miss distances for TP-T firings were larger than
for APDS-T firings in all cases, as were the standard deviations.

Absolute Measurements

A more representative measure of horizontal miss distance is the absolute
value. The overall means and standard deviations of the absolute horizontal
miss distance are given in Table 14 for firings of both APDS-T and TP-T
ammunition against moving targets.

TABLE 14

Measures of Absolute Horizontal Miss Distance, 105-mm Moin Gun
of the M60 Tank against Moving Targets

Ammunition

Factor APDS-T TP-T

Mean miss Standard Mean miss Standard
distance, m devioton distance eviation

Lead doctrine
Standard 3.38 2.567 5.87 5.95
Modified 1.65 1.86 2.97 3.39

Round
1 2.61 2.48 5.3' 4.92
2 2.49 2.47 4.66 5.67

Target speed, mph
5 2.52 2.44 3.56 6.11
10 2.72 2.81 4.11 3.56
15 2. 6 2.24 6.29 5.33

Target range
Near 1.15 1.07 2.53 2.78
I ir 4.12 2.63 6.78 6.10

Directon of target movement
L - 2.17 2.59 5.59 6.08
L'4-R 2.95 2.30 3.79 4.25

The larger ballistic dispersion of TP-T ammunition in comp2:' son with
APDS-T ammunition is pointed out in the comparisons of the standard devia-
tions of the horizontal miss distances for the two types of ammunition in
Fig. 4.

As was the cace :n the arithmetical measures of miss distance (see
Table 13), the consistent increase of the mean miss distances and standard
deviations of TP-T anmunition as compared to APDS-T ammunition is obvious
for the absolute miss distances in Table 14.
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Target speed, mph
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Fig. 4-Comparisons of Standard Deviations of Horizontal Miss Distances
for Firings of 105-mm APDS-T and TP.T Ammunition

M60 tank against moving targets.

ED APDS.T 00 TP-T
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rABLE 15

Percentages of Firings Terminating ahead of Aiming Point,
M60 Tank Main Gun against Moving Targets

105-mm ammunition type

Factor AFDS-T TP-T

Overlead, %

Lead doctine
Standard 48 32
Mtodified 42 32

Target range
Near 50 27
Far 39 38

Target speed, mph
S 48 39
10 51 29
15 35 29

Round
1 48 27
2 41 39

Direction of target movement
L --R 50 30
L- 39 34

Overlead

In Table 13 the large number of negative means, indicating an underlead,
is outstanding. For APDS-T and TP-T firings the incidence of underlead was
observed in the majority of firings. Overleads were observed in 32 percent
of the cases for TP-T firings and 45 percent for APDS-T firings. Table 15
gives a synopsis of the percentages of overleads by factors investigated for
both ammunitions used in the experiment.
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TIME FOR FIRING

In some cases the time data collected under experimental conditions lack
realism; such data might be considered optimum results and migh'. be degraded
for such more realistic conditions as return fire from the target, defensive
and offensive maneuvers, and psychological factors in behavior.

These statements are quite true in regard to the data analyzed in this
section. Throughout the experiment the times for firing first and subsequent
rounds were collected. Ample time to fire two rounds was allowed in all tank-
target engagements. Excessive time was prevalent. In no case was the gunner
hurried to fire a round of ammunition. It is important to point out that the ex-
perimental conditions did not impose any requirement of firing time on the
gunner except the safety requirement to engage the target within the firing-
zone boundaries.

First Round

The overall difference between ammunition types in the mean firing time
(first round) was 0.8 sec greater for TP-T. Although the times recorded for
first-round firings of APDS-T ammunition were generally less than those of

TP-T ammunition, the overall means of TP-T and APDS-T were, of course,
not significantly different.

Change of lead doctrine was the most significant cause of variation in
first-round firing times. An average increase of 2.7 sec resulted from the use
of the modified lead doctrine. This difference was significant at the 0.15 level.

Table 16 gives the mean times to first-round fire by lead doctrine em-
ployed for combined TP-T and APDS-T ammunition.

Second Round

The overall mean time for second-round firing was 30 sec. Table 17
gives the mean times for second-round firing. The decrease in time for firing
the second round with increase in target sped was significant at the 0.15 level.

I
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TABLE 16

Mean Times for Firing First Round, by Lead Doctrine
(Combined TP-T and APDS-T immunition)

Time for firing, sec

Factor Standard Modified Overall

doctrine doctrine mean

Target speed, mph
5 10.5 13.6 )2.0
10 8.2 5.2- 8.6
15 6.2 11.4 8.8

Target range
Near 8.6 11.3 9.8
Far 8.8 11.5 10.0

Direction of target movement
L-R 8.9 10.0 9.1
L-R--fl 8.4 12.7 10. .

Average time 8.7 11.4 9.9

aBased on only one observation.

TABLE 17

Mean Times for Firing Second Round

Factor Mean time, sec

Ammunition
APDS-T 30.6
TP-T 29.5

Lead doctrine
Standard 29.5
Modified 30.7

Target speed, mph
5 36.5
10 27.8
15 25.0

Target range
Near 29.8
Far 30.2

Direction of target movement
L-'R 28.;
L-.R 31.8
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This appendix describes the mathematical analysis of theoretical deter-
mination of lead and of hit probability of the M60 tank main gun against moving
ground targets. This analysis includes the derivation of equations and techniques
necessary to such determinations.

LEAD

fFigure Al shows a target moving at an angle a to the horizontal coordinate.
There is a firer at point C. The distance the target moves from the time it is
being fired on at A to the time it is hit at B is given by Eq Al.

s - (v) (1) (Al)

where s is the distance the target moves, v is the constant speed of the target,*
and t is the time of flight of the round.

A

R, \ R2

Y\

Fig. Al-Geometrical Presentation

of Anguior Lead n

*For nonconstant speeds s , tb u dt. ( was obtained from the ballistic firing tables.

34 RAC-T-459
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Equation A2 expresseo the law of cosines for triangle ABC:

R2 k.22 -2 ( Rd es)cosy (A2)

where Ra is the range of the target at time of impact with the round, R, is the
range of the target at time of fire, and i, is the angle of attack, i.e., the angle
that the direction of target motion makes with the firer's line of sight.

Since the minimum range appropriate would be 500 m, then

RI 
> > S

Therefore

R2 R R I

If R2 = R, = R, the range of the target remains approxc.mately constant
during the time of flight of the round.

Equation A3 expresses the law of sines for triangle ARIC:

' s~._.nn sfi _I, (A3)

sinfl = s sinY

Since R >>s, n is very small (less than 1 deg) and sin n n f.

Dropping the approximation sign, Eq A4 is obtained.

R

Ut
H -sin y (A4)

Equation A4 is an expression representing the angular lead n necessary
to hit ground targets moving at constant speeds over straight paths. If v, t,
and R are used within a consistent unit system, then n wili be nondimensional,
i.e., expressed in radians. The term Y sin y, found within Eq A4, is the appar-
ent velocity of the target, i.e., the component of velocity perpendicular to the
line of sight.

A grapt, of t as a function of R (Fig. A2), the points being obtained from
the ballistic firing tables,' reveals that t = f (I) m R, where m is a constant.
This means that the time of flight of the round is approximately a linear fuac-
tion of the range. This is especially true of APDS and less true for HEP, with
high-explosive antitanK (HEAT) ammunition lying between these two.

If[ /R = i I is calculated for ranges between 500 and 2000 m and the
median 9 is then determired, Eq A4 becomes

n -r i v sin y (A)

where
- the mean

R
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HEP

u S

• - "-APDS

0 500 1000 1500 2000
R, M

Fig. A2- Time of Flight of the Round as a Function of
Target Range for Three Types of Ammunition

To be able to express the speed in meters per second, miles per hour, or
feet per second and obtain the number of leads (1 lead = 5 mils), Eq A5 must
be multplied by an approrriate constant c, as follows:

n -,C V sin Y

Letting K = c Fn, Eq A, is obtained.

n -K v sin y (A6)

Values of K are given in Table Al.
Equation A6 was derived for a general case and the lead obtained by its

use will be in error by less than 10 percent. The equation was programmed
and run on an IBM 7090 computer.

TABLE Al

Values of K for Three 105-mm Ammunition Types

Ammunition K, unit of speed

type m/sec mph 'Ps

HIEP 0.337 0.148 0.101
HEAT 0.200 0.088 0.060
APDS 0.143 0.063 0.043

36 RAC-T-459
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The angle of attack y was incremented in degrees and the speed v in
meters per second. An abbreviated table of results is shown in Table A2.

TABLE A2

Effect of Variations in Target Speed and Angle of Aftack
on Number of 5-mil Leads Required

y, deg

v, r/sec Ammunition 0/0 60 90

I Required leads

5 IEP 0 0.85 1.47 1.70

HEAT 0 C.50 0.87 1.00
APDS 0 0.35 0.61 0.70

10 HEP 0 1.70 2.94 3.40
HEAT 0 1.00 1.73 2.00
APDS 0 0.110 1.21 1.40

15 HIEP 0 2.55 4.42 5.10
HEAT 0 1.50 2.60 3.00
APDS 0 1.05 1.82 2.10

A nomograph of Eq A6 has been constructed (see Fig. A3) that permits
the making of rapid approximations of required lead. The procedure consists
of laying one end of a straightedge at the given angle of attack on the appropri-
ately marked axis. Under the type of ammunition to be used the given apparent
target speed is located and projected horizontally to the appropriately marked
axis, at which point the other end of the straightedge is placed. The point of
intersection of the straightedge with the diagonal will be read as the required
lead.

As an exarmple in the use of the nomograph for determining required lead,
suppose the angle of attack y is 30 deg, the speed of the target u is 10 mph, and
the ammunition is APDS. The dashed line illustrates the procedure on the
nomograph. An answer of approximately 0.32 leacl is obtained. The exact
answer of 0.3i5 lead is obtained from Eq A6.

HIT PROBABILITY

Having determined the required lead it is now possible to calculate the
theoretical hit probability. This will be outlined through a series of equations.

Horizontal

If the firer leads the target by a given amount (n'), then Eq A7 will give
the angular lead error (q,).

0 -n'-. (A7)

RAC-T-459 37
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w h e r n = l e a d r e q i r e

0

CU

10 2

0

Fig. A3 -Nomograph of Required Lead
n =Kv sin y

where n = leads required
K = Ommunition constant
v = target speed
Y = angle of attack
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where p is the angular lead error, n' is the lead taken by the firer, and n is
the theoretically required lead.

Figure A4 illustrates the cot,ersion of the angular lead error to miss
distance (H). For small angles of p, (in our case p will always be less than 1
deg) these miss distances are expressible by Eq A8.

He -0.049 ( R) (0) (A8)

The constant 0.0049 is the factor that enables p to be expressed in number of
leads. This equation has been run on the IBM 7090 computer. R was incre-
mented in 50-m steps between 500 and 2500 meters and pwas incremented in

-leads between 0 and 3 leads. An abbreviated output is presented in Table A3.

TABLE A3

Effect of Variations in Angular Lead Error and
Target Range on Lead Miss Distance

R, m

,p, leads '500 [ 1C 1500 [ 2000 20

He, m

1.23 2.45 3.68 1.90 6.13
1 2.45 4.90 7.35 9.80 12.25
V/ 3.68 7.35 11.03 1 t.70 18.38

2 4.90 9.80 14.70 10.60 24.50

In addition to the lead miss distance there will be a horizontal bias (fib)

due to such factors as drift, cant, droop, jump, and crosswind. These values
are available.3 The total horizontal miss distance (H) will be the result of
addition or subtraction (depending on the relative miss directions) of these two
values, as shown in Eq A9.

Ht Ut - b A9)

where H, is the total horizontal miss distance, HE is the lead miss distance,
and Hb is the horizontal bias.

The target was a 6-ft-square piece of plywood.
Once the horizontal standard deviation (dispersion) has been ascertained3

by type of round, the horizontal hit probability can be calculated. The situation
is shown pictorially in Fig. A5a. Once Eqs A10 a..d All are computed, the
normal distribution tables are used to find P1 and P2 from Z, ard Z2 , respec-
tively. (X/2) + If

Uh (AIO)

L2 = (- (All)
a
h

where ah is the horizontal standard deviation, X is the length of the target, and
Z is a dummy variable.
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Fig. Al-Conversion of Angular Lend
Error to M;ss Distance

0 = angula lead erro, Oess than 1 deg)
= target fange

He = giss distcac

Ip

0.Hzotlb.'rfic P, = WI L Z

Z2 ( X/2) -_H p : Z- ( V2) -V
h 

a,

P + P 2 - P h P 3 f t-:4 = P ,"

Total hit prvbabi li y (Pr- P;,P,

Fig. AS-Ca!culation of Hit Probability
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Then Eq A12 is used Lo find the horizontal hit probability.

where P, is the horizontal hit probability.

Vertical

To find the vertical hit probability the vertical bias V must be known, as
well as the vertical standard deviation ,,. 3 The vertical situation is illustrated
by Fig. A5b. After the parts of Eq A13 have been computed, P 3 and P4 are found
in the normal distribution tables from Z3 and Z4 , respectively.

(Y /2) + V I ( Y 12) - (A13)
a, 4 " o

where Y is the height of the target, V is the vertical bias, and u, is the vertical
standard deviation.

Then Eq A14 is used to find the vertical hit probability:

P, P 3 I P4 (AN)

PT is given by Eq A15:

Pr T PH P, (A15)

SUMMARY

The following steps outline the method of determining the hit probability
of a round fired at a ground target moving at constant speed in a straight line.

Given are velocity of target v, range to target R, a.ogle of attack y, target
size (x, y), and number of 5-mil leads taken n'. The type of ammunition used
cietermines K, ah, a, and H12.

The fo-iiwing determinations can be made:

Lead

n - Kv sisn y

Angular Lead Error

(0 ='- n

Lead Miss Distance

Iff - 0.0019 (R) (0)

Total Horizontal Miss Distance

! }fit = Jlip I fit,

RAC-T-459 4!
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Horizontal Hit Probability

Z (X/2) +f determines P1

h

i Z2 -- (X /2)2 determ nes P2 I P P

Vertical Hit Probability

Z3 ,,(Y/2) 4 detemr ines P3

k Z (/2-VP3 + 
P 4 P,

(Y/2) - V

Z' determines P 4i, au

Total Hit Probability
P r -(P )(Pu

A nomograph has been constructed (see Fig. A6) to facilitate determina-
tions of hit probability. In using this nomograph the straightedge is placed on
L/2 and on the miss-distance, upper-scale, axis. Then the straightedge is
laid across the resulting intersection and the dispersion axis a. The inter-
section with the diagonal gives P1. This procedure is repeated, using the lower
scale on the miss-distance axis, to derive P2 . The horizontal hit probability
is the sum of P , and P2. If a shift to the upper scale of the auxiliary axis is
necessary, then the horizontal hit probability is the difference between P1 and
P2. The procedure for the vertical plane is similar, using the vertical miss
disbnce and half the height of the target. Then P3 a.A P4 are found, and the
vertical hit probability is the sum of these terms.

As an example in the use of the nomograph for ietermining the horiz-ntal
hit probability, the horizontal dispersion of APDS and HEP at 730- and 1650-m
range3 have been anchored on the dispersion axis. Suppose the target was 20
by 10 m and the miss distance using HEP at 730-in range was Y 2 m. Then the
dashed lines on the nomograph indicate a PL value of 0.44 and a P 2 value of
0.23, their sum resulting in a horizontal hit probability of 0.67.2 To find the
vertical hit probability, the 10-m dimension and the vertical dispersion
component are used. ft is necessary to multiply the horizontal hit probability
by the vertical hit probability to obtain the total hit probability.

For each round fired by the M60 tank a photographic record was obtained.
The angular aimoff, in mils, from the center of mass of the moving target was
measured from the film at the time of firing. The speed of the moving target
wda determined from the time required for the target to traverse the marked
section of the track. The theoretically required lead for a center-of-mass
hit on a target moving at a specific speed was aetermined from lead-speed-
ammunition curves. The lead-lay error resultt-d as the difference between the
film-measurcd lead and the riquired lead, also in mils, for a center-of-mass
target hit. The linear miss distance (meters) followed directly from the en-
gagement range (meters) and the angular error (mils). The horizontal hit

42 PAC-T-459

CONFIDENTIAL



SECRET
30 6 - 3(730) APDS

X 25 - - - -(730) HEP
P, =0 44(1650) APDS

20-4-2 - 2

.5

-4 2 0.9,.3

3 ftF- A6--Nomogr0ph -(1 p +0650) HEP

U
Z

-4-

-61

Fig. A6-Nomograph of Hit Probability

probability on the 6- by 6-ft target with the given ammunition was computed
from the linear miss distance (App B) by the method presented in this appendix.
The vertical hic probability was computed from the standaro vertical bias and
dispersion at the ranges investigated (ie., 730 and 1650 m). These quantities
f~r the two types of ammunition utilized are given in Table A4 for the respec-
tive ranges.

TABLE A4

Vertical Hit Probability for Two Types of
Ammunition against a 6- by 6-ft Target

l5-mm I Range, m

ammunition 730 1650

APDS-T 0.88 0.51
TP-T 0.88 0.40

The total hit probability was then computed as the product of the hori2ontal
hit probability and the standazd vertical hit probability at the given range.
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Appendix B

ANALYSIS OF EXPERIMENTAL DATA

Figures
B1-B4. Schematic Diagram of Explicit Significant Differences

of Means P...
BI. First-Order Interactions, APDS-T 55
B2. Second-Order Interactions, APDS-T 56
B3. First-Order Interactions, TP-T 57
B4. Second-Order Interactions, TP-T 58

Tables
Bi. Target Hits and Misses, Observed Data by Factor

Investigated 47
B2. Analysis of Variance, 105-mm APDS-T Observed

HIt-MIss Data (.'-,If) 49
B3-B5. PH E for Significant Interaction, 105-mm APDS-T Ammunition

B3. First-Order 49
B4. Second-Order 50
B5. Thbrd-Order 50

B6. Horizontal Miss Distances, Film Data by Factor Investigated 5i
B7-B8. Analysis of Variance, PiL of 105-mm Ammunition

B7. APDS-T 53
B8. TP-T 54
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The experimental data on observed target hits are given in Table BI for
the variables investigated. Table B2 gives the 5-factor analysis o. variance of
the data of Table B1. The means of the statistically significant (a = 0.10 or less)
interactions are given in Tables B3 to B5. The inconsistencies exhibited at
separate speed levels in Table B4 are greatly reduced by accumulating the data
of the higher target speeds (10 and 15 mph).

The horizontal miss distances for both hits and misses are given in Table
B6. Miss distances of target hits as well as misses were measured irom the
center of the target cross (i.e., aiming point). In case of a measured tarzet
hit in the center of the target (same as center of target cross) the miss distance
is 0, 0, both horizontally and vertically. Dashes indicate unreadable gun-camera
film or mechanical failure of equipment.

Tables B7 and B8 give the analyses of variance of the hit probabilities
resulting from the horizontal miss distances together with the analysis described
in App A for APDS-T and TP-T, respectively. The e.:plicit significant inter-
actions are pointed out in Figs. B1 to B4.

46 RAC-T-459
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TABLE Bi

Target Hits and Misses, Observe!d Data by Factor Investigated
(1 = hit, 0 miss, - = mechoncal failh.re)

a. APDS-T Ammunit:oi

Target speed, mph

Lead doctrine
and direction of 5 10 15
target movement oNr, Far, Near, Far, Near, Fcr,

7650 m 730m 1650 3 1650m

First Round

Standard
L-R

1st trial 1 0 0 1 1 ]
2d trial 0 0 0 0 0 0

L"- R

Ist trial 0 0 0 0 1 0
2d trial 1 0 0 0 0 0

Modified

1sttriaI 1 1 0 0 0 0
2d lria1 1 1 1 0 0 0

1st trial 1 1 0 0 0 0
2d trial I 1 1 0 0 0

S cond Round

Standard

L- R

1st trial 1 1 0 1 0 0
2d trial 1 0 0 0 1 0

Snd- B
Ist trial 0 0 0 0 I 0
2d trial 1 0 - 0 0 0

\|kdified

1st tria1 I 1 I I I
2d thi I 1 0 1 1 0

L-- [1
Ist trial 1 0 0 0 0 1
2d trial 0 0 - 0 0
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TABLE B1--(continued)

b. TP-T Ammunition

LTarget speed, mph
Lead doctrine

and directiow -.f 5 10 15

target movement Near, Far, Nee. Far, Near, Far,

730 m 1650m i 730 m 1650 m 730mi 1650m

First Round

Standard

let tv'ial 0 0 0 0 0 0

2d Inal 0 0 0 0 0 0
L- R

1st trial 0 0 0 0 0 0
2d trial 0 0 0 0 0 0

Modified

lst trial 0 0 0 0 0 0
2d trial 0 0 0 0 0 0

L- lettrial 0 0 0 0 0 02J.. trial 0 0 0 O 0 0

Second Round

Standard
L -. R

lot trial 0 0 0 0 0 0
2d trial 0 0 0 0 0 0

L-- R
lot trial 0 0 0 0 0 0
2d trial 0 0 0 0 0 0

Modified~L--R
let trial 0 0 0 0 0 C
2d trial 1 0 0 0 1 0

L-* R

let trial - 0 0 0 0 0
2d trial 0 0 0 0 0 0
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TABLE B2

Analysis of Variance- 105-mn' APDS-T Observed
Hit-Miss Data (PHE)

Factors and Degrees of Sum of Mean
combinations freedom squares square F

Round 1 0.7830 0 7830 4 3721

Doctrine, 1 1 0.6256 0.6256 3 ,493 c
Range, R 1 0.6517 C.6517 3.639 c

Speed, S 2 1.1809 0.5904 3.296
Direction, D 1 1.4186 1.4186 7 .9 2 1 a

Round x 1 1 0.1465 0.1465 0.818
Round x R 1 0.0001 0.0001 0.000
Round x S 2 0.1951 0.0976 0.545
Round x D 1 0.1,403 0.1403 0.783
1 x R 1 0.1954 0.1954 1.091
I x S 2 0.292 0.1-462 0.816
1 x D 1 0.1584 0.1584 0.884
R x S 2 0.9013 0.4506 2.516 c

R x D 1 0.1882 0.1882 1.051
S x D 2 0,5382 0.2691 1.52
Round x i x R 1 0.1953 0.1953 1.090
Round x I x S 2 0.9789 0.4893 2.732 c

Round x I x D 1 0.1602 0,1602 0.894
Round x R x S 2 0.0528 0.0264 0.147
Round x R x D 1 0.0007 0.0007 0.004
Round x S x D 2 0.1916 0.0958 1.535
Iy R x S 2 0.6351 0.3176 1.773
[ x R x D 1 0.2280 0.2280 1.273
I x S x D 2 0.3008 0.1504 0.840
R x S x D 2 0.8635 0.4318 2.411c
Round x I x R x S 2 01.0530 0.0265 0.148
Round x I x R x D 1 0.0036 0.0036 0.020
Round x I x S x D 2 0.2566 0.1283 0.716
Round x R x S x D 2 0,4661 0.2330 1.301
Ix R XSA D 2 1.0840 0.5420 3.026c
Round xI x Rx Sx D 2 0.4755 0.2378 1.323

Error 47 8.4183 0.'.791
Replication 1 0.3348

Total 95 22.1145

'Significant at a = 0.01. bSignificant at a = 0.05. CSignificap at, a = 0,10.

TABLE B3

PHE for Significant First-Order Interaction,

105-mm APDS-T Ammunition

Target speed and range

Speed, mph Range

Near For

0.75 0.4i
10 0.27 0.26
15 0.50 0.43
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TABLE B4

HE for Significant Second-Order Interaction,
105-mm APDS-T Ammunit'on

a. Target Range, Speed, and Direction

Target L L-'O'R L'-R

speed, mph I Near range FaFr range Near rage Fr range

5 0.88 0.62 0.62 0.00
10 0.25 0.50 0.29 0.03
15 0.50 0.27 0.25 0.38

Average,
10 and 15 0.38 0.38 0.27 0.20

b. Round, Lead Doctrine, and Speed

First round Second round
Target

speed, mpb -Standord Modified Standard Modified
dact, ine doctrine doctrine doctrine

5 0.25 0.75 0.50 0.62
10 0.12 0.12 0.29 0.53
is 0.38 0.12 0.27 0.62

Average,
10 and 15 0.25 0.12 0.28 0.58

I

TABLE B5

!1PE for Sig:ificant Third-Order Interaction,

105-mm APDS-T Ammunition

Target speed, load doctmen, direction of target movement, and twaget range

se o vement L--R Movement L-R

Nonr rondo F"ree L NeJar ronge For range

5 tandri 0.75 0.5 0.50 0
M difiod 1.00 1.00 0.75 0

10 and 15 Standitdi 0.25 0. 40 0.41 0
0odified 0.50 0.38 0.12 0.10
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TABLE B6

Horiontal Miss Distances, Film Domr by Factor Investigated
(. ahead of target, - - behind toget)

a. APDS-T Ammunition

Target speed, mph

Lead doctrine
and direction of 10 15
target movement Nea, Far, Near, Far, Near, Far,

730 m 1650 m 730 m 1650n 730m 1650m

Miss distance, i

First Round

Standard

1st trial -1.13 +8.09 -1.13 -1.16 +0.01 +1.29
2d trial +0.47 +5.86 40.58 1.21 +1.21. -3.39

I,"- R
1st trial -0.61 -6.41 -2.99 -5.91 -2.63 -1.13
2d trial +0.07 -3.71 +0.55 +7.51 43.87 -6.02

Modified

1st trial -0.22 -1.10 0.55 9.98 -1.35 -

2d trial 0 -3.05 -0.61 - -0.71 t0.71
! - L4-R

1st trial +0.55 -1.82 -1."15 2.72 -2.08 -6. 11
2d trial 40.95 -1.98 -0.18 -2.23 41.35 0

Second Round

Standard
L- R

Ist trial -1.13 -1.79 -1.13 -0.61 -0.58 -
2d trial +0.47 +6.27 +0.58 -1.57 -0.10 -8.75

L-- R
1st trial -10.30 -7.67 -0.91 -5.12 -2.81 -3.2I
2d trial + 1.17 - - 8.33 +5.15 -

Modified
L--R

'st trial -1.50 -0.91 O.0.4 -0.30 -0.99 +0.91
2d trial 0 -3.05 - ,0.15 -0.73 40.74

L-" R
1st trial -0.30 -3.05 -1.35 2.23 -1.72 -0.15
2d trial +1.13 -1.98 +1.10 - - -0.42
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TABLE B6-(con;nued)

b. TP-T Ammunition

Target speed, mph

Lead doctrine 5 10 15

and direction of Near, Far, Near, Far, Near, Far,~target movement
730 m 1650 m 730 M IAS0 m 730 m 1650 m

Miss distance, m

First Round

Standard

1st trial -1.83 16.58 - -6.60 -7.85 44.13

2d trial -0.51 -0.41 +1.86 - 410.18 -16.91

Ist trial +0.44 - -4.02 -1.65 -1.64 -

,, 2d trial -2.37 +1.32 0.69 -10.56 -7.30 -

Modified

1st trial .-0.40 -4.54 -2.01 -7.43 0 -0.91
2d trial +0.84 - - - -0.69 -

Ist trial - -10.40 - -12.87 -3.98 -
2d trial +0.88 -0.83 -0.04 -2.06 -3.72 +6.11

Second Round
Standard

1st trial - +24.83 -4.25 -9.31 -
2d trial --0.33 -7.84 -5.62 - -5.26 +13.20

1st trial -0.84 - -2.01 0.41 -3.10 -
2d trial -2.37 +2.97 +0.69 +2,54 - -15.26

Modified
L-RI 1st trial +0.33 - - -8.25 - +0.74

2d tr-el +0.30 - - - -0.05 -

1st trial - -0.SW - +1.46 - -

2d trial +0.05 -0.41 -2.19 -2.06 - +6.52
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TABLE B7
Analysis of Vorionce--PHL of 105-mM

APIDS-T Ammunition

Degrees of Sum of Mean
Source freedom squares square

H'ound I 0.5X12 I 0.002 I 0.08$0,, tlc I I O.I 18 (1. l 08 .5. IrK)
rfan. Bi I 2 3932 2.3932 88.3O9)'Speed. 0 2 ,1$ 26 0.0711 2-131hrecton, 0 . 1-58 0. WI$51 ,7926"Round 1 31 0.0 1 07 .0/) 1.60l[found f t I 0,0 8, 0,0 1;, .. ;f S 2 0.(W .0316 1.277
II,,,nd ,' 1) I 0.(03 0.0003 0(0I 1I t 1 0,0301 0.0301 IJ22S , 2 0.01 " 0.070 0.20

1- I 0,0192 0101 0 701?I -'S 2 0.611 (1,305,)5 11,273"
f ) 1 O. 1(-7 0.3607 5.9 15 -0 2 0.3052 -). J521; 5.631,[found , I R 1 0.0000 O.J0) 0.000[found . I / S 2 0.0011 0.000 0.000

flound - I , D I 0.0267 0.0267 0.9.Round , It/ S 2 ). 035 0.0 168 1.727Round iR (1.027 0.01 27 01 0). 9thound ,. - 1), 2 0.0658 0.0311 1.209I/11/s 2 01.1 10 0.0700 2 .r. 3 CI 1 f / 3 0.9714 0.0728 35.:;a70I / S - 2 0.0910 0.0170 1.7.31
SI- 5D 2 0.3322 VA)61 6..2366

Roujnd - I / ft / S 2 0.0366 0,0183 0,675Round / f, , r) I 0.0000 0.0000 0.0(X)
Round u,' f) 2 0.000) 0.0000 0,000Round , S ,) 2 0.0000 0.0000 0.O0
I I R I S F) 2 0.0000 0.0000 0.(00Rfound Y f , , S 0 2 0.0x)0 0.0000 0.0O0F.rr,,r 38 1.029 0.027,I

flipcationR 1 0. 1713
"rotaI 86 7.2781

ASignificent at a . 0.01.
b S9gnficont at a - 0.05.
CSig. ific.ri at a 0 .0 .

RAC-T-459 
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TABLE 88

TP-T Ampiltion

Degv~s of Sum of Moon
So~v~,freedom squ..s suore

Round I 0.00 12 010012 0.050M
Doctrine, I 1 0. 13%6 0.139- 1P.91 lol
Range, Rt 1 0.9330 019"M3 '39.533w:

*'eed' S 2 0.2712 0.1356 571584
Pifrectio, 1 0,0122 0. 0122 0,5169
Round v I 1 0.0000 0.000 0.000
Round R-f I .0005 0,0005 010212

Round S 2 0,0137 0,06 0,021

HqidDI 0.191-3 0.19.13 M1

if- )I O.000 0.00M0 0.00m
S )2 0.077:1 0.108 29

Round Y~ I x Rt 1 0.2=8 0.2258 9:5678b
Round x I y. S 2 0.0"6 0.0184 0,777
Rloun x< I y D i U. M, ' 0.0015 0,148M
Rtound x R S 2 0,C229 0.0111 0.48,10
Round x< R x 1) 1 0.02411 0.0241 1,0212
RondS.5 ' 2 0.0682 0.031 1,14"
I x~ ft >X 2 0.1770 0187) MW700

x >4 ft D 2 0,1413 ty.0709) 3,M012
I ) , 1) 2 O0.0956/ 0.0s1s8 2.025
fix 5 xI) 2 0.0000 0.0000 0.000
Roun y I / x S 2 010000 0.0000 0.0000
Road yI xID Ix1 0.0000 0.0000 0.0000
Rmmd x I x 5 y) 2 0.000 0,0025 0 11050
Rodx R x SxD0 2 0.0r)(2 0,0331 1 .4026
Ift<5XD 2 0.0600 0.0000 0.000
Raond x I x R x 2 0.6000 0.000 0.000

Errot 16 0.3771 0.0236 0.000
Replicogions I 0.060

'Total 6.5 3,1377

'Significest at a "0.05.
igsificai at ae - 0.01.

Csipiiat dat- 0.005.
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Tort Spood-Torget Rante

Target range Tergel lp'yed, moh

Near Far 10 is

Target Speed, mph Target range

_ _7_ _ _ 101 is1 N FF~

Tavqlt Sgoog-Torqe Direction

Targei difectior, Target speed, mph

Torgest speed, mph Target difectian

0,5a -O.O, 0a

Target Raeoge-Terge O~tveole

Targe roAge o Torte divectian

Fear LFL-

Targe direction Target ra"06e

7 --o-R FL- L-R L-R N F N F

a ,5a - .Of ac- 0,01

Fig BI-Si~eouaic Dvigrom of Eyplicit Sigiificant Diifetences of
Moons, First-Order InterGClion5, PHL nf APDS-T

Any two meons of voriaJh o, not undvui oed by
rho some fine aire sigilificantlly different of

the significance level (a) indicated.
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5sor For 10 15

To Speed, mph ard(ge rag9a

10I TT i ii oo or Near ~Fl 7 Jeor oar

ex -01 '0.01 V)I'

ftro,. Spood-1'evget Dir#4roov

Torge direction Torget speed, mph

LL 5 10 is

Target speed, mph Target direction

5 ~ ~ ~ ~ L I 1z I5 5 0 5L* -e IL- L-.*l L- R

--0,10 , 0.0S O .0M 0-0 .0

* L*W Clotwoo-Torpu Divecvei

Target direction, In Struction

1LfRndcwdI Modif toed

Lead &atrne Tdrret dirercton

Fig, 83-S5ematic Diagra of Explicit Significant Differences of
Means, First-Order Inteact ions, PfL of TP-T

Any two meas of vtiokIes not uwdarlinod by
the tmn* Iine are sionific:an iy different at

thte signifiane* levei (a) iodicae*4,

Ii
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Figure CI shows the form useft by the observers using the BC scope ana/
or the rangefinder (MI7c) of the Mfi tank for recording sensings of rounds
fired. The order ir, which data were collected is shown in Tate C1.

Figure C2 shows the handout that was aistributed to pec.,nnel who operat-
ed, under the st~naard iead doctrine.

Figare C3 is the table of required ie ids that was distributed to the per-
sonnel who operated under the modified lead doctrine.

Figure C4 shows the form used in collectiun of dati directly from the
target. Fdateri.l frr marking hoies in the target was su)plie- to the target
zrew.

Docrine- 5 -1 _ __Date-___ Obs.

1 unt - 1 yd. Hour

Firing: _4

I I FL':
F -1

Aroma: _

V -T

' -'

Fig, C1-Fo'rm rar Observer Sensing

60 RAC-T-459
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TABLE CI

Order of Data Collection

i Gunner number Target Target eane Direction of
9 -in speed,

number :HEP =A P D S mE Atarget movement

Stondard Lead Ooctrinn

1 2 3 10 Na  Fb I-*- I
2 4 1 5 F N 1..-.

3 3 2 10 F N I-0--
4 2 3 15 F NR
5 1 4 5 N F I1
6 3 2 15 N F

1 5 N F I tR

5 , 3 IS N P I.-t11
9 3 4 10 N F I, .I1

10 , 3 10 F N l-It
I1 3 4 15 F N I.-H

12 1 2 5 F N I.-It

13 4 1 15 F N I-

14 3 2 5 N I I - R

15 1 4 15 N F L,-1

16 4 1 10 N ,

17 1 4 10 F N i"." R

18 2 3 5 1. N I."4- R

19 1 2 15 F N I.-It

20 2 1 t0 F N 1.--1 IL

21 1 2 10 N F I.- i1

22 3 4 5 F N I1R

23 4 3 5 N LF LIt

2 1 15 N F L R

Modiflad Lead Doctrine

25 7 C 10 F N I- It
26 6 7 10 N F I -127 5 8 S I,-I

28 6 7 15 F N L- R
2? 8 5 5 F N I" - R
30 7 C 15 N F L- it
31 8 7 15 N F L- I
32 7 8 10 N F L-I1
33 7 8 15 F N il-11
31 6 5 5 Nq FL-0-11
35 8 7 10 F N I,- R
'36 5 6 5 F N i.tl
37 7 6 5 N F" I t-Il
38 6 7 5 F N I- It
30 8 5 10 N F I.-R
40 8 5 15 F I.- H
41 5 3 15 N F L,'- It

5 8 10 F N L- It
43 6 5 15 N F L,-11I
44 8 7 N F I
45 5 6 10 N F L-I t
46 8 5 F N 1
47 5 6 15 F NIt
V, 6 5 10 F N L-11

8Nep." range. 730 m.
h Far rang,, 1650 m.

RAC-T-459 61
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a. Sight picture for I lead ahead of b. Sight picturft for I lead ahead of
a moving target at 1000-m (yd) some moving target at 2000-m

rcnge. (yd) range. Target oppears
smaller due to greater range,

but lead is the same.

Fig. C2-llustration of Leading Moving Targets (Ref 2, p 130)
If the gunner fires a round with the gun aimed directly at a moving target, the target
will move out of the path of the projectile, causing it tc miss the target. To co-ipen-
sate for this movement, the gun is aimed ahead of the target so the projectile and
target will meet. This technique is callel leading. The gunner measures lead by
use of the lead lines on the reticle of his direct-fire sight. One lead equals 5 mils
and is measured from. the center of vulnerability.

REQUIRED LEAD

Target Moving Lsft to Right (-)

73U-m Range 16'0.m Range

Speed (mph) HEP APDS HEP APDS

5 0 2 0

10 1 1 Y

15 2 1 2 1

REQUIRED LEAD

Target Moving Right to Left (4-)

730-m Range 1650-m Range

Speed (mph) HEP APDS HEP APDS

5 Y 0 1 0

10 1 Y2 
Y 2 11

15 21 2 1

Fig. C3-Tabies of Required Leads, Supplied to Users
of Modified Lead Doctrine

(62 RAC-T-459
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C

Target Data Collection Form Date:

Target . Miss Distance
o~ 0 ~ Taret ~(Feet)

:. v
u  c L o 'Remark s

U.. ." 4 j ." 0-
6HitMiss 0 Hot. Vert.

L I~I, Iv -- _ __

Fig. C4-Dato Form for Pit Personnel
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